Abstract-Indocyanine green (ICG) remains as the only near infrared dye approved by the FDA. Despite its long history of usage in clinical medicine, a systematic study of the effects of serum proteins at physiologically relevant levels and temperature on absorption and fluorescence characteristics of ICG has been missing. We incubated ICG at concentrations in the range of 0.6-25.8 μM in McCoy's 5a cell culture medium, without and with supplemental fetal bovine serum (FBS) at 5% and 10% levels. Our analyses of absorption and fluorescence spectra indicate that the peak absorbance of ICG associated with its monomeric form increases in the presence of FBS. For example, at ICG concentration of 25.8 μM, the monomer absorbance is increased by nearly 100% in the presence of 10% FBS. Similarly, there is an increase in the relative fluorescence quantum yield of ICG, by as much as nearly 3.5 times in the presence of FBS. When incubated at 37
I. INTRODUCTION

I
NDOCYANINE green (ICG) is a water-soluble tricarbocyanine dye that absorbs in the near infrared (NIR) spectral band. The first reports for medical applications of ICG date back to the late 1950s to measure cardiac output [1] . The finding that ICG is almost exclusively uptaken by the liver, led to its application in assessment of hepatic function [2] . ICG received supplemental approval by United Stated Food and Drug Administration (FDA) for ophthalmic angiography in 1975. To date, ICG remains the only FDA-approved NIR dye for cardiocirculatory measurements, liver function tests, and ophthalmological imaging, predominantly involving choroidal circulation [3] , [4] . ICG has also been investigated for sentinel lymph node (SLN) mapping and staging in cancer patients [5] - [13] , in lymphography to assess lower and upper lymphedema [14] - [17] , in lymphangiogenesis analysis following treatment of lymphedema by tissue replantation [18] , and in assessment of anastomatic perfusion [19] , [20] . Polom et al. provide an excellent and further review of the utility of ICG-guided imaging for SLN detection, lymphedema evaluation, and assessment of microvascular circulation of free flaps in reconstructive surgery [21] . Additionally, ICG has been investigated for potential therapeutic applications such as photodynamic therapy (PDT) [22] - [24] , tissue welding [25] , and photothermal treatment of skin diseases [26] , [27] . FOR in-vivo applications, ICG is administered by intravascular injection. While blood plasma contains an array of proteins, it is known that ICG mainly binds to albumin and alpha-1 lipoprotein [28] - [34] . Specifically, it is reported that 95% and 4% of ICG bind to albumin and alpha globulin proteins in blood, respectively [28] . When dissolved in aqueous solution, ICG exhibits maximum absorbance at 790 nm, corresponding to the peak absorption of its monomeric form. However, when in a solution containing 5% serum albumin, its spectral peak shifts to 815 nm, which suggests the presence of ICG in a composite form [28] . It has been reported that the absorbance of ICG (≈ 1.6 mM) at its spectral peak is reduced by 10% after 10 h of storage in water and direct light [35] . However, when ICG was dissolved in Ringer's solution containing 2% and 4% human serum albumin (HSA), its peak spectral absorption was reduced by less than 2% following 10 h of storage in direct light [35] . It has also been reported that at a fixed ICG concentration (≈ 6.4 mM) in Ringer's solution, the value of its maximal absorbance increases by approximately twofold in presence of 2% and 4% HSA and direct light as compared to the solution without HSA [35] . Similarly, the peak absorbance of 6.4 mM ICG in fresh pig and human plasma was ≈ 10% higher than that of ICG in water and direct light [35] . In addition to the effects of albumin on ICG absorption, other investigators have reported that the natural degradation kinetics of ICG at room temperature is reduced in the presence of HSA [36] .
Fluorescence emission characteristics of ICG have also been reported to vary as a result of binding to serum proteins. When dissolved in phosphate buffer solution containing 50 g/l HSA, the fluorescence quantum yield of ICG has been reported to remain almost constant over the concentration range of ≈ 1.1-110 μM. However, when dissolved in water, its fluorescence quantum yield decreased by approximately two orders of magnitude over the same concentration range [37] .
Although changes in optical properties of ICG have been observed in the presence of albumin, previous studies have been limited to either a fixed HSA level [28] , [37] , or have not investigated the fluorescence characteristics of ICG over a broad range of ICG concentration in presence of serum proteins [35] , [36] . To fill this void, we present a systematic study of the effects of serum at physiological levels and temperature on the absorption and fluorescence characteristics of ICG in the range of 0.6-25.8 μM. We simulated the physiological environment of ICG by incubating it in McCoy's 5a cell culture medium supplemented with Fetal Bovine Serum (FBS) and analyzed the resulting absorption and fluorescence spectra. We also investigated the role of serum in preventing the thermal degradation of ICG. We offer descriptions of possible photophysical mechanisms for the observed effects and discuss the relevance of our findings to practical in-vivo applications of ICG.
II. METHODS AND MATERIALS
A. Materials
McCoy's 5A cell culture medium, which contains various inorganic salts (predominantly KCl, NaCl, and Na 2 HPO 4 ), amino acids (predominantly L-glutamine), vitamins, and other macromolecules (predominantly D-glucose) was purchased from ATCC , Manassa, VA, USA). FBS was purchased from Invitrogen (Grand Island, NY, USA). Bovine serum albumin (BSA) has highest relative concentration among the proteins in FBS [38] - [40] . ICG powder (Sigma-Aldrich) was used as received. Various FBS concentrations (5% and 10%, v/v) were prepared to supplement the McCoy's 5A culture medium. We initially prepared a stock solution of ICG (650 μM) in deionized (DI) water, and subsequently, diluted it to various levels (0.6 μM−25.8 μM) in the presence of the cell culture medium. Considering that the reported ICG dosages in procedures such as SLN biopsy include values in the range of ≈ 7.8 μg/ml-12.5 mg/ml (≈ 10 μM-16 mM) [21] , giving effective dosages of 0.017-27 μM (based on dilution factor of ≈ 600 following injection), the ICG concentrations used in this study (0.6-25.8 μM) are clinically relevant, and comparable to those used in some of the clinical applications.
B. Absorption and Fluorescence Spectroscopy, and Calculation of Relative Fluorescence Quantum Yield
Absorption spectra of various samples at room temperate were obtained in the 230-900-nm spectral range using a UVVisible-Near IR (UV-Vis-NIR) spectrometer (Cary 50, Varian Inc.). We used a Xenon arc lamp in conjunction with a monochromator to provide filtered light at either 650 or 750 nm to photoexcite the samples. NIR Fluorescence emission spectra (665-900 nm) from the samples were obtained by a fluorescence spectrophotometer (Fluorolog, Horiba-Jobin-Yvon, Inc.). We used a cuvette with 10-mm light path for absorption and fluorescence measurements.
We calculated the wavelength (λ)-dependent normalized fluorescence spectra (χ(λ, C)) at a given excitation wavelength (λ ex ) and ICG concentration (C) as
where F (λ, C) is emitted fluorescence intensity, and A is the absorbance value at λ ex for a given ICG concentration. The normalized integrated fluorescence intensity (ρ), which is a measure of the fluorescence quantum yield, was calculated as
To determine the relative fluorescence quantum yield (φ) at a given ICG concentration, we proceeded as follows: first, we fitted the profiles of ρ as a function of ICG concentration in the range of 0.6-19.4 μM with a single exponentially decaying function. We then extrapolated the exponential function to a very dilute ICG concentration (C 0 ) (near zero on the ordinate) and estimated the parameter ρ at C 0 . Finally, we determined φ(C) as
C. Influence of Serum Proteins and FBS on the Absorption and Fluorescence of ICG
McCoy's 5A cell culture media supplemented with different levels of FBS (0%, 5%, and 10% v/v) were prepared. Various ICG concentrations were added to the cell culture media. Subsequently, we obtained the absorption and fluorescence spectra of the various solutions in dark at room temperature. We assigned 778 and 791 nm, corresponding to the peak absorption wavelength by the monomeric forms of ICG in the absence or presence of FBS, respectively, as the reference wavelengths in our characterization analyses.
D. Influence of Physiological Temperature on ICG Absorption in the Presence of FBS
A temperature-controlled water bath at 37
• C [Thermo Fisher Scientific (Fairlawn, NJ, USA)] was used to incubate the samples containing 13 μM of ICG dissolved in the cell culture medium with various levels of supplemental FBS (0%, 5%, 10% v/v). The incubations times were 1, 2, 3, and 17 h. Immediately after each incubation time, we obtained the absorption and fluorescence spectra in response to 750-nm photoexcitation of the samples. The monomeric absorption peaks (778 nm for FBS 0% and 791 nm for FBS 5% and 10%) at each sample were chosen to analyze the effects of FBS on thermal stability of ICG.
III. RESULTS AND DISCUSSION
When dissolved in DI water as the control solvent, ICG exhibited absorption with a maximum at 780 nm that was the dominant feature over the entire investigated concentration range, i.e., 0.6-13 μM [see Fig. 1(a) ]. As the concentrations exceeded 2.6 μM, a second peak at approximately 714 nm appeared [see Fig. 1(a) ]. We ascribe the peaks at 780 and 714 nm to the monomeric and aggregated forms of ICG, respectively [37] .
When dissolved in McCoy's 5A cell culture medium without FBS the absorption peak of the ICG monomeric form appeared at 778 and was dominant at ICG concentrations < 6.5 μM [see Fig. 1(b) ]. However, with an increase in ICG concentration above 6.5 μM, the presence of a second peak at approximately 700 nm became progressively more dominant [see Fig. 1(b) ]. Similar to the observed concentration-dependent spectral features for aqueous media, we attribute the origin of this secondary peak to aggregation of ICG (i.e., to the formation of H-like aggregates) [37] , [41] . We use the term "H-like aggregate" since our data are based on spectral information, rather than high-resolution structural information.
The addition of FBS to the cell culture media caused a bathochromic (red) shift of the monomeric absorption peak of ICG to 791 nm [see . Our observed bathochromic shifts in ICG absorption spectra in the presence of FBS are consistent with those reports by other investigators [28] , [37] , [42] . When increasing the ICG concentration level from 0.6 to 13 μM, there were 5-and 8-nm hypsochromic (blue) shifts in the monomer absorption peaks in the presence of FBS at 5% and 10% levels, respectively [see Fig. 1(c) , and
We attribute the FBS-induced changes in ICG spectral properties to the BSA constituent in FBS. BSA has the highest relative concentration among the proteins in FBS [38] - [40] . To test our hypothesis, we added BSA (0.12 mM) to the McCoy's 5A cell culture medium without FBS. Spectral recording made immediately after introducing BSA into the cell culture medium revealed that the absorption and fluorescence peaks associated with the monomeric form of ICG (13 μM) were enhanced (see Fig. 2 ). Additionally, there was a bathochromic shift in the monomer absorption peak from 778 to 787 nm upon addition of 0.12-mM BSA to the medium. If we consider the 700 nm as the absorption peak of the H-like aggregate form of ICG in the absence of BSA, there was a bathochromic shift to 724 nm in the presence of 0.12-mM BSA. Similarly, there was a bathochromic shift in the fluorescence emission associated with the H-like aggregate from 693 nm in the absence of BSA to 705 nm in the presence of 0.12-mM BSA. However, there was no significant bathochromic shift (less than 1 nm) in the fluorescence emission of monomeric ICG at 790 nm.
The exciton theory for molecular spectroscopy provides an explanation for the origin of the observed spectral features [43] , [44] . Aggregation-induced split in the energy levels of the excited state results from two orthogonal types of molecular arrangements: J-and H-aggregates. J-aggregates involve a linear "head-to-tail" arrangement of the transition dipole moments of the chromophores, whereas H-aggregates adopt geometries in which the individual chromophores, and their transition dipoles, are arranged in a stacked (sandwich-like) manner [43] , [45] - [47] . The excitonic coupling between the chromophores in the J-and H-aggregates splits their excited states into two new nondegenerate states, i.e., two states with different energy levels. In the J-aggregates, the excitonically formed state with lower energy involves codirectionally oriented transition dipole moments, while the upper-level excitonic state comprises transition dipoles with opposite orientations. Conversely, in H-aggregates, the codirectional arrangement of the transition dipoles raises the excited-state energy (forming the upper-level excitonic state), while oppositely oriented transition dipoles lower the excited-state energy (resulting in the lowerlevel state).
Should the vector sum of the transition dipole moments of aggregated chromophores be zero (i.e., when the dipoles have opposing orientations), the electronic transition is forbidden and cannot be spectrally observed. Therefore, for J-aggregates, only the transitions to the lower level of the split-excited state are allowed, causing a red spectral shift. Conversely, for H-aggregates, transitions to only the upper energy level of the excited state are allowed, resulting in a blue spectral shift. Therefore, we associate the hypsochromic shifts to the secondary peaks [see Fig. 1(b) ] with the H-like aggregates of ICG.
Self-assembly of ICG depends on its concentration, pH, temperature, ionic strength, and polarity of the solvent [43] , [47] . Among these factors, increased ionic strength of the media increases the amount of dye H-like aggregates [43] , [45] , [47] , [48] . That is, the increased ion concentration provides an effective screening of the positive charge delocalized on the cyanine chromophore, allowing hydrophobically driven self-assembly via π-π stacking, leading to H-like aggregation. The McCoy's 5A cell culture medium has a higher ionic strength (0.130 mol/l) than DI water, which we attributed to the presence of H-like aggregates at ICG concentration greater than 6.5 μM [see Fig. 1(a)  and (b) ].
Extending the exciton theory to assemblies with oblique arrangement of the transition dipoles offers an explanation for the observed spectral shifts of the H-like aggregate of ICG, induced by the presence of FBS and BSA. H-and J-aggregates are the two extreme types of orthogonal geometry that cause blue and red spectral shifts. In reality, it is likely for the dyes to assemble in an oblique manner, hence forming aggregates with transition dipoles that are not oriented in parallel. Depending on the excitonic coupling among the ICG molecules as well as the angles between the transition dipoles, such oblique aggregates can manifest spectral blue shifts, red shifts, or both. Such spectral shifts are quite sensitive to changes in the arrangement of the dye molecules in an aggregate. Components of the cell culture media and of FBS bind ICG, providing templates for formation of aggregates arrangement that differ from the arrangement of the aggregates formed spontaneously in the DI water environment.
We quantified the effects of various FBS levels on ICG monomeric absorption [see Fig. 3(a) ]. At ICG concentrations of 3.87 μM, there were approximately 4% and 13% increases in the monomer absorbance (A monomer ) when the FBS level increased from 0% to 5% and 10% levels, respectively. This difference became progressively larger to much as 75% and 100% in the presence of 5% and 10% FBS, respectively, with increased ICG concentration at 25.8 μM. When the FBS level was increased from 5% to 10%, A monomer increased by 8% to 26% over the ICG concentration range examined.
We define ψ = A monomer /A H-like aggregate , where A H-like aggregate corresponds to values of H-like aggregate absorbance levels. In the presence of 5% FBS, value of ψ increased by 10-76% for ICG concentrations in the range of 3-13 μM [see Fig. 3(b) ]. In the presence of 10% FBS, value of ψ increased by 50-110% for ICG concentrations in the range of 3-13 μM [see Fig. 3(b) ]. These findings can be explained on the basis that some of the ICG molecules introduced into the cell culture medium can bind to BSA as monomers, resulting in reduced amounts of ICG available for self-aggregation. Increased levels of ICG monomers combined with decreased levels of H-like aggregates give rise to higher ψ in the presence of FBS.
BSA has similar molecular structure to HSA except that it has two tryptophan residues, whereas HSA has only one tryptophan [49] , [50] . Therefore, we can expect that the interaction between ICG and BSA would be similar to those between HSA and ICG. It is reported that 1-2 ICG molecules bind mainly to the hydrophobic core of HSA [31] , [32] , [34] , [51] . Therefore, when ICG molecules were introduced into the McCoy's 5A cell culture medium containing FBS, they bound to BSA as monomers at their assigned binding sites. This binding results in increased values of A monomer [see Fig. 3(a) ]. The excess nonbound ICG molecules self-aggregated, manifesting the characteristic H-like aggregate absorption peak [see Fig. 1 
(c) and (d)].
Our observation of enhanced monomeric absorbance of ICG in the presence of FBS [see Fig. 3(a) ] is consistent with a previous study in which the absorbance associated with monomeric form of the dye, bis(heptamethine cyanine), increased with higher levels of HSA [47] . Similarly, in another study, the monomeric absorbance of cypate, a NIR dye with a structural analogy to ICG, was enhanced in presence of BSA [52] .
Dye aggregation can be reduced by increasing the hydrophobicity of the solvent [47] , [48] . Since dilute aqueous solutions of alcohols are hydrophobic systems [53] , increasing the alcohol content of a solvent will result in increased hydrophobicity. For example, Beckford et al. have reported that the ratio of monomer to aggregate peak absorbance of Benz[c,d]indolium, Benz[e]indolium and Fischer indolium cyanine dyes increased with increasing levels of the solvent hydrophobicity as modulated by changing the ratio of methanol to buffer [48] . Similarly, Patonay et al. have reported that monomer absorbance of bis(heptamethine cyanine) dye 7 increases approximately by factor of 7 when the solvent is changed from 1% to 100% methanol [47] . Furthermore, these latter investigators observed that the monomer absorbance increased by nearly a factor of 2.5 in the presence of HSA ranging between 0 and 100 μM. This observation was explained on the basis that when bound to HSA, the dye is in a more hydrophobic environment than aqueous buffer. In a similar manner, when bound to BSA, the local environment of ICG may be more hydrophobic than that of the cell culture medium without supplemental FBS. This enhanced hydrophobic environment could be another contributing factor in reducing self-aggregation of ICG and, subsequently, increasing its monomeric absorbance.
We present the influence of FBS on fluorescence emission of ICG in McCoy's 5A cell culture medium (see Fig. 4 ). In response to 650-nm excitation, the fluorescence spectra of ICG in the absence of supplemental FBS showed that the normalized values of the emission intensities (χ) from the H-like aggregates (at 694-nm spectral peaks) and monomers of ICG (at 791-nm spectral peaks) were comparable at ICG concentrations less than 4 μM [see Fig. 4(a) ]. For ICG concentrations ≥ 4 μM, the peak emissions from H-like aggregates were higher than those by the monomer.
In the presence of 5% and 10% FBS, the χ values associated with the monomeric emissions (at 791 nm) were enhanced and became dominant in comparison to those by the H-like aggregates for ICG concentrations in the range of 1. presence of HSA [37] . In another study, fluorescence emission of cypate was reported to increase in the presence of BSA [52] . When OrgG, Alexa488, RhodG, and TexRed dyes were dissociated by sodium dodecyl sulfate treatment, monomeric absorbance and fluorescence were enhanced, suggesting that disruption of the aggregate forms of the dyes is a major mechanism to explain the observed enhancements [46] .
Corresponding to the enhanced monomeric fluorescence emission of ICG in the presence of FBS, there was an increase in the relative fluorescence quantum yield (φ) of ICG in response to 750 nm photoexcitation at a given concentration in the range of 2.6-19.4 μM [see Fig. 5(a) ]. Nevertheless, the values of φ decreased with increasing ICG concentration regardless of the presence or absence of FBS. This reduction is attributed to the self-quenching of ICG at higher concentrations [34] .
We define σ = φ with FBS /φ without FBS , where φ with FBS and φ without FBS correspond to values of φ with and without FBS, respectively. Values of σ increased with progressively higher ICG concentrations [see Fig. 5(b) ]. For example, there was nearly 3.5-fold increase in σ for 19.4-μM ICG. In absence of FBS, self-aggregation process can be more readily facilitated under high ionic strength (as in the cell culture medium) and with increased ICG concentration. In the presence of FBS, selfaggregation process is hindered since some of ICG molecules can bind to BSA as monomers, thereby reducing the amount of ICG available for self-aggregation.
The levels of FBS utilized in this study were not sufficiently different from each other to induce significant changes in A [see Fig. 1(c) and (d) ], χ [see Fig. 4(b) and (c) ], φ and σ [see Fig. 5(a)  and (b) ]. In a previous study, when HSA levels were changed by a factor of ≈ 16 from 0.19% to 3%, the monomer absorbance values nearly doubled [51] . To observe such levels of changes in absorbance, in our study, we would have needed to increase FBS levels to as much as 80%, which is not a physiologically relevant value. We investigated the effect of physiological temperature on absorption and fluorescence properties of ICG in McCoy's 5A cell culture medium with and without supplemental FBS. In the absence of FBS, ICG monomer absorbance decreased by ≈ 40% after nearly 17 h of incubation at 37
• C [see Fig. 6(a) ]. This decrease in monomer absorbance can be attributed to thermal degradation of ICG with temperature and is consistent with a previous report [54] .
In the presence of 5% and 10% FBS, the ICG monomer absorbance actually increased by ≈ 7% after 1 h of incubation at 37
• C, and remained at that level for up to nearly 17 h [see Fig. 6(a) ]. This increased monomer absorbance with temperature elevation from 25 to 37
• C may be a consequence of conformational changes in BSA, which may result in 1) increased binding affinity to ICG; 2) increased number of BSA binding sites for ICG; and 3) altered hydrophobicity of the local environment that ICG is exposed to. Takeda et al. have reported that the proportion of the α−helical structure of BSA decreases by ≈ 4%, whereas the proportion of the β-structure increases by ≈ 50% in response to a temperature change from 25 to 40
• C [55] . Such structural changes of BSA may be sufficient to increase the ICG monomer absorbance as we have observed. Once bound to BSA, the monomer form of ICG remained stable for up to nearly 17 h, hence sustain monomer absorbance over this incubation time interval.
In the absence of FBS, ψ (defined as A monomer / A H-like aggregate ) increased with incubation time of ICG in McCoy's 5a cell culture medium at 37
• C [see Fig. 6(b) ]. This result is attributed to progressive reduction in the H-like aggregate absorbance of ICG as compared to that of the monomer with increasing temperature. The reduction in the H-like aggregate absorbance suggests that the aggregate forms of ICG are more susceptible to thermal stress. Other investigators have indicated that aggregate forms of ICG degrade faster than the monomers when ICG is stored at room temperature in dark for 28 days [36] . In the presence of FBS, the values of ψ were greater in comparison with those without FBS for up to 4 h [see Fig. 6(b) ]. We attribute this result to higher levels of ICG monomers brought about by BSA binding. By 17 h of incubation, the H-like aggregate form of ICG in the absence of FBS may have been degraded to a sufficiently low level such that the associated value of ψ actually increased and approached to those associated with ICG in the presence of FBS.
In the absence of FBS, the normalized integrated fluorescence (ρ) of ICG in response to photoexcitation at 750 nm increased with incubation time of ICG in McCoy's 5a cell culture medium at 37
• C [see . Upon binding to BSA, ICG movement is hindered. The restricted molecular vibration and translation of ICG can minimize its conformational distortion and, hence, maintain its absorption and fluorescence properties. However, when ICG is in the cell culture medium without supplemental FBS, temperature elevation readily induces molecular vibrations and translations that lead to changes in the conformation of the dye that ultimately deteriorate its absorption and fluorescence properties [35] , [36] .
Restricting the molecular translations and vibrations of ICG can help preserve its optical properties from thermal stress. Such restrictions may be achieved by encapsulation of ICG, or binding it to BSA. For example, Rodriguez et al. reported that ICG maintained 97% of its original fluorescence emission when it was encapsulated within polymeric micelles formed from poly(styrene-alt-maleic anhydride)-blockpoly(styrene) (PSMA-b-PSTY) diblock copolymers at 37
• C for 96 h [56] . In a recent study, Yaseen et al. reported that the monomeric absorbance of free ICG decreased by 55% over 48 h of incubation at 40
• C [54] . However, when ICG was encapsulated into constructs composed of poly-allyamine hydrochloride and disodium phosphate with diameters in the range of 400-800 nm, there was only 10% reduction in monomer absorbance under the same conditions.
The enhancement of monomeric absorbance in the presence of albumin [see Fig. 3(a) ] has implications in relation to potential phototherapeutic applications of ICG such as photothermal procedures or PDT. Specifically, when using lasers tuned to the monomeric absorption spectral band of ICG (i.e., ≈ 780-800 nm), considerations must be given to the appropriate choice of the radiant exposures given the increased absorbance of ICG monomers. For example, this increased absorbance may allow the use of lower radiant exposures.
The molecular complex consisting of ICG bound to albumin can resemble an optical nanoprobe, which may potentially be used as a contrast agent for accumulation in tumors based on the enhanced permeability and retention (ERP) effect [57] - [59] . Such an effect will be similar to that observed by Maeda and Matsumura where the Evans blue dye, which binds to plasma albumin, selectively accumulated in tumor tissue following intravenous injection [60] . Recently, Kosaka et al. demonstrated the feasibility of NIR endoscopic fluorescence imaging of peritoneal ovarian cancer nodules in mice using ICG [61] . Such capability may also be attributed to the accumulation of the ICG-Albumin complex in those tumors due to the EPR effect.
The enhancements in ICG fluorescence emission in the presence of albumin, as evidenced by the increase in its relative fluorescence quantum yield [see Fig. 5(b) ], and integrated fluorescence emission at physiological temperature [see Fig. 6(c) ], imply that the imaging sensitivity can be increased due to the presence of an ICG-albumin complex. Such an effect is consistent with the use of ICG adsorbed to albumin as a tracer for NIR fluorescence mapping of SLNs in breast cancers and melanomas [62] - [64] .
In one study, Hirche et al. reported a stronger fluorescent signal associated with use of ICG-HSA complex (5 mg/ml (≈ 6.5 mM) ICG in 20% HSA) as compared to that of 6.5 mM ICG dissolved in 5% glucose solution during lymph node identification in pigs [65] , although the differences in signal intensity were not quantified. However, Hutteman et al. reported no direct benefit of premixing ICG with HSA prior to injection for SLN mapping in breast cancer patients receiving 500 μM of ICG in distilled water, or 500 μM of ICG-HSA complex in 20% albumin solution [63] .
In addition to the differences in the effective concentrations of ICG and ICG-HSA complex upon dilution within the body of pigs versus humans, we offer a further explanation toward the apparent discrepancy between the studies by Hutteman et al. [63] and Hirche et al. [65] . The effective absorption cross section of ICG in a solution containing albumin [σ albumin (λ)] can be described as
where f (λ) is the absorption cross section of bound ICG monomers. Therefore, absorbance of ICG at a given concentration, and subsequently its fluorescence, is related to the presence of various constituent forms consisting of unbound ICG monomers, H-like aggregates, and albumin-bound ICG (either mixed with ICG prior to administration, and/or formed following ICG administration into the body). Nevertheless, our findings reiterate the importance of albumin in enhancing and maintaining the monomeric absorbance at physiological temperature, and increasing the fluorescence quantum yield of ICG.
IV. CONCLUSION
We investigated the effects of serum at physiologically relevant levels and temperature on absorption and fluorescence characteristics of ICG. Our results indicate that the presence of serum enhances the monomeric absorption of ICG and its fluorescence quantum yield in response to photoexcitation at 750 nm. Presence of serum also preserves the monomeric absorption of ICG and sustains its enhanced fluorescence emission at physiological temperature.
